We investigate the photophysical properties and solar cell performance of the classical donoracceptor copolymer poly(N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)), abbreviated as PCDTBT, in relation to unintentionally formed electronic main chain defects. Carbazole-carbazole homocouplings (Cbz hc) are found frequently and to significant extent in PCDTBT made with a variety of Suzuki polycondensation conditions. 
Abstract
We investigate the photophysical properties and solar cell performance of the classical donoracceptor copolymer poly(N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)), abbreviated as PCDTBT, in relation to unintentionally formed electronic main chain defects. Carbazole-carbazole homocouplings (Cbz hc) are found frequently and to significant extent in PCDTBT made with a variety of Suzuki polycondensation conditions. Cbz hc are quantified by detailed NMR spectroscopy including model compounds, which allows correlation to solution UV-vis spectroscopy to establish a calibration curve from which the content of Cbz hc can simply be estimated. The results are further corroborated by extended (TD)DFT investigations on the structural, electronic and optical properties of regularly alternating and homocoupled chains. Cbz hc vary between 0-8 mol.-% depending on the synthetic protocol used. The photovoltaic properties of PCDTBT:PC 71 BM blend solar cells significantly depend on the Cbz hc content for constant molecular weight, whereby an increasing amount of Cbz hc leads to strongly decreased short circuit currents J SC . With increasing Cbz hc content, J SC decreases more strongly than the intensity of the low energy absorption band, suggesting that small losses in absorption cannot explain the decrease in J SC alone. Our data indicate that the detrimental effects of Cbz hc on photovoltaic performance may result from combined effects of a more localized LUMO level on the TBT unit and lower hole mobilities found in highly defective samples. Homocoupling-free PCDTBT with improved molecular weight gives the highest power conversion efficiencies up to 7.2 % without extensive optimization.
Introduction
Conjugated polymers are a class of extensively investigated π-conjugated materials suitable for a multitude of applications ranging from e.g. photovoltaics [1] , field-effect transistors [2] , light-emitting diodes [3] and memory devices [4] to sensors and thermoelectric generators. [5] Within the last decades, an overwhelmingly large number of different building blocks have been used to construct numerous conjugated polymers with pre-selected and fine-tuned optoelectronic properties. [6, 7] However, while structural diversity of conjugated materials is continuously broadening, the synthetic methods employed are often very similar. In most cases, transition metal-catalyzed polycondensation techniques based on two symmetric monomers are used, which, in the ideal case, lead to strictly alternating sequences. Therefore, when drawing the repeat unit of a conjugated polymer on paper, an alternating structure is implicitly assumed. However, it is also known that besides typical cross-coupling products other products can form due to homocoupling (hc) reactions, depending on a variety of reaction parameters. [8] [9] [10] [11] [12] The reason this may be a decisive factor when synthesizing conjugated polymers for organic electronics is that small degrees of polymerization are often obtained and, hence, any deviation from an alternating chain structure constitutes a nonnegligible fraction of the chain, which consequently exhibits altered optoelectronic properties.
The most common possibility for main chain electronic defects arises from hc reactions as seen with Kumada [13] , Suzuki [14] [15] [16] , and direct arylation polycondensations. [17] [18] [19] [20] For Stille polycondensations, homocoupling reactions have been claimed to be present as well. [21, 22] If occurring during polycondensation, covalent incorporation into the conjugated polymer backbone takes place and the resulting defects cannot be removed subsequently.
Homocoupling reactions in Suzuki small molecule [11] and polycondensation reactions are assumed to be caused by the coupling of polymer chains having boronic ester end groups as
shown by early work of Heitz et al. and by us recently. [14, 16] Interestingly, the impact of hc and thus main chain defects on the optoelectronic performance of conjugated materials remains largely unknown. Hendriks et al. recently reported the detrimental effect of intentionally homocoupled dithienyl-diketopyrrolopyrrole (DPP) units in DPP copolymers on their solar cell performance. In this case, DPP-DPP hc were shown to be present on the basis of explicitly designed defect comonomers and UV-vis spectroscopy experiments. [15] On the basis of these results there is strong indication that hc defects may be present in many other systems as well. As quantification of homocouplings is challenging, both their extent as well as their effect on opto-electronic properties is largely unknown. Thus, the investigation of defect-function relationships appears to be crucially important for further improving device performance and to ensure comparability and reproducibility of device performance.
Here, we investigate the impact of carbazole-carbazole homocouplings (Cbz hc) present in the often used conjugated polymer PCDTBT on its solar cell performance in blend films with PC 71 M as acceptor material. Using PCDTBT:PC 71 M blends, power conversion efficiencies (PCE) up to ~7% and internal quantum efficiencies approaching 100% have been reported. [23] [24] [25] At the same time, a broad range of PCE values from 3.5% -7% can be found in the literature. [25] PCDTBT additionally offers excellent stability and operational lifetime of photovoltaic devices. [26, 27] Using model dimers and PCDTBT with intentionally introduced Cbz hc, we first identify the 1 H NMR chemical shifts of both TBT as well as Cbz hc sequences, and subsequently quantify their occurrence for a variety of different Suzuki polycondensation protocols. While we find Cbz hc to occur under almost every catalytic condition used, TBT homocouplings are seldom found, and, if at all, with very low intensity.
From 1 H NMR and UV-vis spectroscopy a calibration curve is established from which the
Cbz hc content can simply be determined. (TD)DFT calculations further support the experimental findings. Changes in the UV-Vis band intensities can be reproduced upon the insertion of hc defects, and effects of hc defects on intra-molecular hole reorganization energies are small. Finally we show that the photovoltaic performance of PCDTBT:PC 71 BM blends substantially deteriorates with increasing content of Cbz hc, which can partially be ascribed to reduced absorption by the charge-transfer band, and eventually to a more localized LUMO level on the TBT unit. As PCDTBT synthesis reported in the literature is mostly performed under conditions leading to defective materials, this work provides an explanation why comparability of device data is generally challenging. For future studies main chain electronic defects in conjugated polymers arising from homocoupling reactions must be considered as an additional parameter next to molecular weight and dispersity.
Results and discussion

Synthesis and materials
All synthetic procedures are described in detail in the Supporting Information. The dimer models are abbreviated as Cbz-Cbz, TBT-TBT and Cbz-TBT; for chemical structures see
Supporting Information. PCDTBT is prepared by varying Suzuki polycondensation (SPC) protocols and is numbered as PCDTBT 1-11. Molecular weights are determined by high temperature size exclusion chromatography (HT-SEC) in 1,2,4-trichlorobenzene at 150°C and, to ensure compatibility with the majority of existing literature, given relative to polystyrene standards ( Table 1) . We used viscosity detection to extract the Mark-Houwink parameters K and α and thus attempted to establish a universal calibration, and found that molecular weights obtained from universal calibration were too low when compared to qualitative values from 1 H NMR (Table S1 ). [28] led to varying Cbz hc contents of 2-8 mol-% (PCDTBT 4-9). Model copolymers PCDTBT 10 and 11 with intentionally introduced carbazole homocoupling defects were made by incorporating 10 mol-% of an asymmetric carbazole comonomer leading to Cbz dimer sequences (Scheme 1b). Importantly, as molecular weight affects photovoltaic performance of PCDTBT:PC 71 BM blends as well [29] , two series of PCDTBT with similar weight average molecular weights of M w~ 30 kDa and 60 kDa, obtained as chloroform and chlorobenzene fractions, respectively, but varying defect concentration were selected for further analysis (Table 1) . We prefer to use M w rather than M n values for comparison as the latter ones are much more sensitive to small variations in oligomer intensity. Usage of different molecular weight is highly important to elucidate effects of varying chain lengths. This is important especially for conjugated polymers where the degrees of polymerization are generally low.
Thus, PCDTBT 1, 4, 6, 8, 9 and 11 with a similar M w of 30 kDa and PCDTBT 2, 5, 7 and 10 with similar M w of 60 kDa were used for the investigation of defect-function relationships.
Identification and quantification of Cbz and TBT homocouplings
Recently, we have shown Cbz hc to occur during the synthesis of PCDTBT and hexylsubstituted PCDTBT derivatives by direct arylation polycondensation and SPC. [16, 17] Here, we quantify the signals of Cbz hc in PCDTBT in relation to a variety of SPC conditions.
Additionally, we also elucidated whether TBT homocouplings formed with measurable content. To this end, we used the 1 H NMR data of the dimer TBT-TBT to estimate the is not present (Figure SI 1) . Unfortunately, protonated carbazole end groups (Cbz-H) arising from protio-deborylation resulted in a triplet at this same position with a coupling constant of 7.5 Hz. [17] In principle, the two different coupling constants allowed to distinguish between TBT hc and Cbz-H end groups. Careful inspection of all PCDTBT spectra unequivocally proved the presence of TBT hc only for PCDTBT 5 as confirmed also by correlation peaks between signals at 7.47 ppm and 8.18 ppm in its TOCSY spectrum (see Figure SI 2 ).
However, the TBT hc content of PCDTBT 5 was very low and hence could not reliably be quantified. While TBT hc cannot be entirely ruled out for other samples, but could, compared to the frequently and much more intensely occurring Cbz hc, be clearly neglected. Therefore, in the present study we focus on how changes in the opto-electronic properties of PCDTBT evolve for Cbz hc contents of 0-10 mol-%. In order to assign the Cbz hc unit unambiguously, Similarly to the definition of regioregularity of P3HT, [13] we defined the Cbz hc content as the amount of Cbz-Cbz linkages divided by the total number of both CbzCbz and Cbz-TBT linkages. It is reasonable to assume that the monomer feed content of 10 mol-% of the asymmetric Cbz comonomer was fully incorporated into PCDTBT 10 and 11 (Scheme 1b, Table 1 (Figure 2c ). This is fully congruent with statistical TBT copolymers which show increased PL values if the TBT unit is used as increasingly diluted comonomer. [30] Finally the HOMO energy level determined by UPS is found to slightly decrease with increasing Cbz hc, lying between -5.42 eV for defect-free PCDTBT 1 and -5.52 eV for PCDTBT 10 having 10 mol-% Cbz hc (Figure 2d ).
DFT calculations
To get insight into the experimental photophysical properties, density functional theory (DFT) and time-dependent (TD)-DFT calculations were performed. The polymers are represented as finite size oligomers featuring four monomeric units. [31] The alternating chain is denoted as (Cbz-TBT) 4 , and the Cbz-Cbz hc and the TBT-TBT hc cases as (TBT-Cbz-TBT-Cbz-Cbz-TBT-Cbz-TBT) and (Cbz-TBT-Cbz-TBT-TBT-Cbz-TBT-Cbz), respectively. Although the TBT homocoupling defect is experimentally observed with very minor content, it is considered here to explore the impact of such kind of defects. This might be of interest as halide-halide homocoupling reactions have been observed recently, and hence should be generally considered. [15] Two DFT functionals were employed, the hybrid B3LYP-D3 and the long-range separated LC-BLYP-D3 (range separated parameter optimized at µ = 0.21), [32] with inclusion of Grimme's dispersion corrections (D3), [33] and the 6-311G* basis set. Both gas-phase and solvent-dependent (conductor polarizable continuum model CPCM with a dielectric constant for chlorobenzene of 5.6968) calculations were performed. [34] Charged species (+1) were fully optimized as well, and intra-molecular hole reorganization energies for the three cases (alternating, Cbz-Cbz hc and TBT-TBT hc) were computed at the LC-BLYP level of theory. [31] Because of their best match with the experimental data, we report the CPCM-LC-BLYP results here. All other computational results are given in the Supporting
Information. All calculations were performed using Gaussian 09 revision D.01. [35] Figure 3 shows the frontier molecular orbital isosurfaces (HOMO and LUMO) for the three cases. The HOMO topography is not affected by the hc defect, preserving its delocalized π-character over the oligomer length. The LUMO spatial distribution, intrinsically localized on the TBT unit (see alternating case), is however affected by the hc defect. In case of Cbz hc, the LUMO is localized on single TBT units, while for TBT hc it is delocalized over the two adjacent TBT units ( Figure 3) . Consequently, the molecular orbital energies (see Supporting Information)
slightly vary for the HOMO (± 0.04 eV), but are more sensitive for the LUMO (± 0.15 eV) when going from the alternating to the Cbz-Cbz and TBT-TBT hc cases. The I low /I high intensity ratio decreases going from the alternating to the Cbz-Cbz hc defect species, also in good agreement with the observed data reported in Figure 2 . This trend can be traced back to the fact that Cbz-Cbz hc defects increase localization of the LUMO, thus lowering the cross section of the CT-like transition.
Photovoltaic performance
Having identified and quantified Cbz homocoupling contents of various PCDTBT materials together with their influence on photophysical properties, we next turn to the question inasmuch such main chain defects affect solar cell performance. Figure 5 and Table 2 show While the shape of the JV curves representing the 60 kDa series is similar for entries 2, 7 and 10, PCDTBT 5 exhibits an exceptionally low fill factor as well as a reduced Jsc. We attribute this observation to the TBT hc formation observed in sample 5. In addition, although not doubtlessly identified in entry 4, we speculate TBT hc to be present in this sample as well.
The strong reduction in the J SC with increasing Cbz hc content cannot be explained by the reduced absorption of the charge-transfer band alone (see Figure SI 6 for blend film absorption), indicating that additional factors causing the lower OPV performance of defective PCDTBT are likely at play. Reorganization energies obtained from DFT calculations on isolated oligomers, which can be considered as an important parameter for intramolecular charge transport, do not reveal major changes (see supporting information).
However, as defects can induce changes in the inter-molecular charge transport properties, charge transport was carefully probed using field-effect transistor mobilities in bottom-contact top-gate geometry. We find the field-effect hole mobilities µ h of all PCDTBT samples within one order of magnitude, on the order of ∼ 0.5 to ∼5 × 10 -3 cm 2 /Vs (Table 2 to strictly alternating structures may lead to reduced exciton dissociation, which more strongly translates into reduced short circuit currents. [15] The impact of Cbz hc defects on the photovoltaic performance of PCDTBT:PCBM blends is interesting in several aspects. First of all, the highest performance can be obtained when suing defect-free PCDTBT. Secondly, considering main chain electronic defects as an additional parameter leads to better comparability of results and hence to a generally deeper understanding of structure-function relationships. To test this, we compare our OPV device efficiencies reported here with those reported by Kingsley et al. [29] Importantly, we used exactly the same device architecture, preparation conditions and hence a comparable layer thickness of ~80 nm. Figure 
Conclusion
We have investigated the influence of carbazole homocoupling defects (Cbz hc) frequently occurring in PCDTBT samples made by Suzuki polycondensation on the opto-electronic properties. Cbz hc are quantified using high-temperature NMR spectroscopy assisted by model compounds, are correlated with synthetic conditions and are finally fully eliminated to yield homocoupling-free materials. Correlation to UV-vis spectra enables a calibration curve from which the content of Cbz hc can be simply read out. Teflon cap and the mixture stirred at 80°C for 3d. The mixture was allowed to cool to RT, 10 ml 1,2-dichlorobenzene were added and the resulting polymer was precipitated into methanol, filtered and washed by subsequent Soxhlet extraction with methanol, acetone, isohexanes, chloroform and chlorobenzene. For molecular weights of M w~ 30 kDa, the chloroform fraction was used whereas the chlorobenzene fractions exhibited M w~ 60 kDa.
The chloroform and chlorobenzene fraction were collected, poured into methanol, collected by centrifugation and dried under reduced pressure to give the polymer as a deep purple solid in 40-89% yield. UV-vis spectroscopy. UV-vis spectra were recorded on a Lambda 650 S spectrometer from Perkin Elmer in film or in chlorobenzene solutions (c = 0.02 mg/ml).
Instrumentation
Ultraviolet photoelectron spectroscopy. For UPS measurements 7 nm of chromium and 70 nm of gold were evaporated on top of a clean silicon substrate. The ~10 nm -15 nm thin polymer film was deposited via spin coating. After thermal annealing at 160°C for 10min. in a nitrogen-filled glovebox, the films were transferred into an ultrahigh vacuum chamber (ESCALAB 250Xi). UPS measurements were carried out using a pumped He gas discharge lamp emitting He I radiation (hν = 21.2 eV). Device testing. Device EQE was measured using a tungsten lamp with a monochromator at intensities of ~1 mWcm -2 . Short circuit currents were recorded using a Keithley 237 source meter. The current-voltage characteristics of the device were measured under simulated 100 mW cm -2 AM 1.5 illumination using an Abet Technology solar simulator. The spectral mismatch of the simulator was calibrated to a silicon reference cell.
OPV device fabrication.
OFETs fabrication. OFET devices were fabricated in a staggered bottom contacts top gate configuration. Low alkali 1737F Corning glasses were used as substrates; they were cleaned in ultrasonic bath of Milli-Q water, acetone and isopropyl alcohol respectively and exposed to TBT-Cbz-Cbz-TBT 
DFT calculations
We report the Cartesian coordinates and absolute energies of the optimized PCDTBT oligomers (i.e. stable equilibrium minima) discussed in the main text.
Structures have been optimized using two DFT XC functionals, namely B3LYP-D3 and LC-BLYP-D3 (µ = 0.21) LC-BLYP/6-311G* (µ = 0.21) 
